Five new crystal structures of perfluoropyridine substituted in the 4-position with phenoxy, 4-bromophenoxy, naphthalen-2-yloxy, 6-bromonaphthalen-2-yloxy, and 4,4 0 -biphenoxy are reported, viz. 2,3,5,6-tetrafluoro-4-phenoxypyridine, C 11 H 5 F 4 NO (I), 4-(4-bromophenoxy)-2,3,5,6-tetrafluoropyridine, C 11 H 4 BrF 4 NO (II), 2,3,5,6-tetrafluoro-4-[(naphthalen-2-yl)oxy]pyridine, C 15 H 7 F 4 NO (III), 4-[(6-bromonaphthalen-2-yl)oxy]-2,3,5,6-tetrafluoropyridine, C 15 H 6 BrF 4 NO (IV), and 2,2 0 -bis [(perfluoropyridin-4-yl) oxy]-1,1 0 -biphenyl, C 22 H 8 F 8 N 2 O 2 (V). The dihedral angles between the aromatic ring systems in I-IV are 78.74 (8), 56.35 (8), 74.30 (7), and 64.34 (19) , respectively. The complete molecule of V is generated by a crystallographic twofold axis: the dihedral angle between the pyridine ring and adjacent phenyl ring is 80. 89 (5) and the equivalent angle between the biphenyl rings is 27.30 (5) . In each crystal, the packing is driven by C-HÁ Á ÁF interactions, along with a variety of C-FÁ Á Á, C-HÁ Á Á, C-BrÁ Á ÁN, C-HÁ Á ÁN, and C-BrÁ Á Á contacts. Hirshfeld surface analysis was conducted to aid in the visualization of these various influences on the packing.
Chemical context
Pentafluoropyridine, or perfluoropyridine (C 5 F 5 N) is one of the most important perfluoroheteroaromatic compounds. It is commercially available and its chemistry is well understood. As a result of the presence of five fluorine atoms, in addition to the nitrogen atom of the pyridine ring, these systems are highly electrophilic and undergo substitution reactions readily in a predictable pattern (Baker & Muir, 2010; Chambers et al., 1988) . This chemistry has already been used in the design of several drugs (Bhambra et al., 2016) and in peptide modification (Gimenez et al., 2017) . In an effort to further understand the intermolecular interactions in the solid state of these fluorinated compounds, five new crystal structures of pentafluoropyridine derivatives are herein reported as well as their syntheses.
Figure 2
Hirshfeld surface of (a) I, (b) II, (c) III, (d) IV, and (e) V mapped with d norm .
Figure 1
The molecular structures of (a) I, (b) II, (c) III, (d) IV, and (e) V. Displacement ellipsoids are shown at the 50% probability level.
of chains in the [101] direction. Compound III also shows C-HÁ Á ÁN hydrogen bonding. Further, in IV, C-HÁ Á Á and CBrÁ Á Á interactions also contribute to the packing. Finally, in I, III, and IV, the packing is aided by halogen bonds of the type C-FÁ Á ÁF-C or C-FÁ Á ÁBr-C. In I, the C2-F2Á Á ÁF3 distance is 2.8156 (15) Å , with an angle of 119.54 (8) (symmetry code: 1 À x, 1 2 + y, 1 2 À z). For III, the C2-F2Á Á ÁF3 distance is 2.766 (15) Å , with an angle of 146.28 (10) (symmetry code: 1 À x, 1 2 + y, 1 2 À z). The bromine atom participates in the halogen bonding of IV, with the C11-Br1Á Á ÁF2 distance being 3.095 (5) Å and the angle 164.46 (14) (symmetry code: 2 À x, À 1 2 + y, 1 À z). All the observed halogen-bonding geometries fall within typically observed values (Cavallo et al., 2016) .
Hirshfeld surface analysis was used to further investigate the intermolecular interactions in the crystal structures. The Hirshfeld surface analysis (Spackman & Jayatilaka, 2009 ) was generated by CrystalExplorer17.5 (Turner et al., 2017) , and was comprised of d norm surface plots. The plots of the Hirshfeld surface are mapped over d norm using standard surface resolution with a fixed colour scale of À0.1300 (red) to 1.2500 (blue). The characteristic bright-red spots near F1 and H11 in the Hirshfeld surface of I (Fig. 2a) confirm the previously mentioned C11-H11Á Á ÁF1 (symmetry code: Àx + 2, y À (Fig. 2b) , C7-H7Á Á ÁF3 (symmetry code: x + 1, y, z) in III (Fig. 2c ), C15-H15Á Á ÁF3 (symmetry code: Àx + 1, y + 1 2 , Àz + 1) in IV (Fig. 2d) , and both C11-H11Á Á ÁF3
i and C11-H11Á Á ÁF3 ii [symmetry codes: (i) Àx + 1, Ày + 1, Àz + 1; (ii) x, Ày + 1, z À 1 2 ] inter-atomic contacts in V (Fig. 2e) . The contributions of the various intermolecular interactions in each of the title compounds are shown in Tables 6-10 . With the exception of IV, the packing is dominated by Á Á ÁH/HÁ Á ÁF interactions, accounting for as high as 36.9% of the packing forces in I. In IV, the largest contribution is made by CÁ Á ÁH/HÁ Á ÁC interactions (19.1%), followed closely by FÁ Á ÁH/HÁ Á ÁF (18.8%).
Owing to the presence of nitrogen, oxygen and bromine atoms in the various structures, several other contact types are confirmed by the Hirshfeld surface maps. In II, the C9-Br1Á Á ÁN1 (symmetry code: 
Database survey
A search of the November 2019 release of the Cambridge Structure Database (Groom et al., 2016) , with updates through May 2019, was performed using the program ConQuest (Bruno et al., 2002) . The search was limited to organic structures with R 0. Table 5 Contact geometry (Å , ) for V.
Cg1 is the centroid of the N1/C1-C5 ring. Table 1 Contact geometry (Å , ) for I.
Cg1 is the centroid of the N1/C1-C5 ring. Table 2 Contact geometry (Å , ) for II.
Cg1 and Cg2 are the centroids of the N1/C1-C4 and C6-C11 rings, respectively. Table 3 Contact geometry (Å , ) for III.
Cg1 and Cg2 are the centroids of the N1/C1-C5 and C6-C15 rings, respectively. Table 4 Contact geometry (Å , ) for IV.
Cg1, Cg2, and Cg3 are the centroids of the N1/C1-C5, C6-C15, and C8-C13 rings, respectively. 
(HICBAW; Banks et al., 1995) ; methyl N,O-bis(2,3,5,6-tetrafluoropyridin-4-yl)threoninate (GOFCIP; Webster et al., 2014) ; 2,3,5,6-tetrafluoro-4-(4-nitrophenoxy)pyridine and 4,4 0 -[(1,1 0 -binaphthalene)-2,2 0 diylbis(oxy)]bis(tetrafluoropyridine) (FISJUP and FISJOJ; Brittain & Cobb, 2019) . In the binaphthalene-derived compound (FISJOJ), analogous to V, the naphthalene ring systems are rotated by 38.91 (5) from each other.
Synthesis and crystallization
2,3,5,6-Tetrafluoro-4-phenoxypyridine (I): To a stirred solution of potassium carbonate (1 M, 147.5 ml), phenol (5.58 g, 59.0 mmol), pentafluoropyridine (6.5 ml, 59 mmol), and DMF (150 ml) were added. The resulting solution was allowed to stir at room temperature for 24 h. Dichloromethane (75 ml) and saturated aqueous ammonium chloride (100 ml) were added and the biphasic solution stirred vigorously for an additional 24 h. The organic layer was separated, washed with water (5 Â 200 ml), dried over MgSO 4 , and solvent removed via rotary evaporation. The resulting pale-brown solid was dissolved in refluxing EtOH (75 ml) and cooled to 278 K for 12 h. Vacuum filtration, washing with cold EtOH (20 ml) and vacuum drying afforded the target compound as a white, crystalline solid (14.3 g, 99%). Colourless needles were obtained from a saturated EtOH solution by cooling to 298 K. Table 6 Percentage contributions of inter-atomic contacts to the Hirshfeld surface for I. Table 7 Percentage contributions of inter-atomic contacts to the Hirshfeld surface for II. Table 9 Percentage contributions of inter-atomic contacts to the Hirshfeld surface for IV. 4-(4-Bromophenoxy)-2,3,5,6-tetrafluoropyridine (II): To a stirred solution of potassium carbonate (1 M, 22.8 ml), 4-bromophenol (1.58 g, 9.11 mmol), pentafluoropyridine (1.00 ml, 9.11 mmol), and DMF (25 ml) were added. The resulting solution was allowed to stir at room temperature for 24 h. Diethyl ether (50 ml) and saturated aqueous ammonium chloride (50 ml) were added and the biphasic solution stirred vigorously for an additional 24 h. The organic layer was separated, washed with water (5 Â 100 ml), dried over MgSO 4 , and solvent removed via rotary evaporation. The resulting pale brown solid was dissolved in refluxing EtOH (15 ml) and cooled to 278 K for 12 h. Vacuum filtration, washing with cold EtOH (20 ml) and vacuum drying afforded the target compound as a white, crystalline solid (2.12 g, 73%). Colourless rectangular prisms were obtained from a saturated EtOH solution by cooling to 298 K.
1 H NMR (400 MHz, CDCl 3 ):
To a stirred solution of potassium carbonate (1 M, 90 ml), naphthalen-2-ol (4.98 g, 34.5 mmol), pentafluoropyridine (3.8 ml, 34.5 mmol), and DMF (100 ml) were added. The resulting solution was allowed to stir at room temperature for 24 h. Dichloromethane (50 ml) and saturated aqueous ammonium chloride (100 ml) were added and the biphasic solution stirred vigorously for an additional 24 h. The organic layer was separated, washed with water (5 Â 200 ml), dried over MgSO 4 , and solvent removed via rotary evaporation. The resulting pale brown solid was dissolved in refluxing EtOH (50 ml) and cooled to 298 K for 12 h. Vacuum filtration, washing with cold EtOH (20 ml) and vacuum drying afforded the target compound as a white, crystalline solid (5.90 g, 58%). (6) 5.4703 (5), 9.2548 (9), 24.109 (2) 6.0135 (3), 7.4994 (4), 14.6318 (7) 18.8516 (6) (Bruker, 2017) , SHELXT (Sheldrick, 2015a) , SHELXL2016/6 (Sheldrick, 2015b), Mercury (Macrae et al., 2008) , Olex2 (Dolomanov et al., 2009) and publCIF (Westrip, 2010 2,3,5,6-Tetrafluoro-4-[(6-bromonaphthalen-2-yl)oxy]pyridine (IV): To a stirred solution of potassium carbonate (1 M, 60 ml), 6-bromo-2-naphthol (5.00 g, 22.4 mmol), pentafluoropyridine (2.45 ml, 22.4 mmol), and DMF (60 ml) were added. The resulting solution was allowed to stir at room temperature for 24 h. Diethyl ether (50 ml) and saturated aqueous ammonium chloride (100 ml) were added and the biphasic solution stirred vigorously for an additional 2 h. The organic layer was separated, washed with water (5 Â 200 ml), dried over MgSO 4 , and solvent removed via rotary evaporation. The resulting off-white solid was dissolved in refluxing EtOH (40 ml) and cooled to 298 K for 12 h. Vacuum filtration, washing with cold EtOH (20 ml) and vacuum drying afforded the target compound as a white, crystalline solid (6.46 g, 78% 
To a stirred solution of potassium carbonate (1 M, 30 ml), 2,2 0 -biphenol (1.02 g, 5.37 mmol), pentafluoropyridine (1.2 ml, 11 mmol), and DMF (30 ml) were added. The resulting solution was allowed to stir at room temperature for 24 h. Diethyl ether (50 ml) and saturated aqueous ammonium chloride (100 ml) were added and the biphasic solution stirred vigorously for an additional 2 h. The organic layer was separated, washed with water (5 Â 200 ml), dried over MgSO 4 , and solvent removed via rotary evaporation. The resulting offwhite solid was dissolved in refluxing EtOH (10 ml) and cooled to 298 K for 12 h. Vacuum filtration, washing with cold EtOH (20 ml) and vacuum drying afforded the target compound as a white solid (2.57 g, 97%). Colourless rectangular prisms were obtained from a saturated EtOH solution by cooling to 298 K. 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 11 . H atoms were positioned geometrically and refined using a riding model with C-H = 0.95 Å and U iso (H) = 1.2U eq (C). The absolute structures of I and III were intermediate in the present refinement. Compound IV was refined as an inversion twin. For all structures, data collection: APEX3 (Bruker, 2017 ); cell refinement: SAINT (Bruker, 2017) ; data reduction: SAINT (Bruker, 2017 ); program(s) used to solve structure: SHELXT (Sheldrick, 2015a ); program(s) used to refine structure: SHELXL2016/6 (Sheldrick, 2015b); molecular graphics: Mercury (Macrae et al., 2008) . Software used to prepare material for publication: Olex2 (Dolomanov et al., 2009) and publCIF (Westrip, 2010) for (I); publCIF (Westrip, 2010) for (II), (III), (IV), (V).
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2,3,5,6-Tetrafluoro-4-phenoxypyridine (I)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. (14) Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. (7) 0.0216 (7) 0.0024 (7) −0.0004 (6) −0.0010 (5) C3 0.0234 (7) 0.0210 (6) 0.0221 (7) 0.0008 (6) −0.0015 (6) −0.0011 (5) C4 0.0267 (7) 0.0212 (6) 0.0260 (7) 0.0015 (6) 0.0005 (6) 0.0001 (6) C5 0.0261 (8) 0.0224 (7) 0.0474 (10) −0.0016 (6) −0.0013 (7) −0.0064 (7) C6 0.0228 (7) 0.0273 (7) 0.0182 (6) −0.0047 (6) 0.0010 (5) −0.0003 (6) C7 0.0192 (6) 0.0293 (7) 0.0237 (6) −0.0001 (6) 0.0012 (5) −0.0001 (6) C8 0.0200 (7) 0.0264 (7) 0.0215 (6) −0.0026 (6) −0.0010 (6) 0.0033 (5) C9 0.0230 (7) 0.0378 (9) 0.0248 (7) 0.0001 (7) −0.0019 (6) 0.0061 (6) C10 0.0306 (8) 0.0429 (10) 0.0227 (7) −0.0051 (8) −0.0055 (7) 0.0062 (7) C11 0.0396 (9) 0.0379 (9) 0.0204 (7 
sup-5
C5-N1-C1-F1 −179.75 (15) C1-N1-C5-C4 0.5 (3) C5-N1-C1-C2 0.7 (3) F3-C4-C5-N1 177.56 (15) N1-C1-C2-F2 −179.99 (15) C3-C4-C5-N1 −2.2 (3) F1-C1-C2-F2 0.5 (2) F3-C4-C5-F4 −0.9 (2) N1-C1-C2-C3 −0.2 (3) C3-C4-C5-
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
2 ) x y z U iso */U eq
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refined as a 2-component inversion twin. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
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